Hill SB, Kotanen PM. 2012. Biotic interactions experienced by a new invader: effects of its close relatives at the community scale. with a vegetation removal treatment to assess the combined effects of herbivory and competition on survival. We also evaluated growth of S. virgaurea in a greenhouse experiment where seedlings were exposed to soil biota sampled from these communities, with sterile controls.
Introduction
Almost all ecosystems on Earth have been affected by non-indigenous (exotic) species (Mack et al. 2000; Pimentel et al. 2000; Crall et al. 2006) . Despite their ubiquity, predicting which exotic species will succeed and become invasive remains difficult. In part, this may be a consequence of the lack of data from the early stages of the invasion process, when the first non-native populations are becoming established (Mack et al. 2000) . This probably is the moment at which many invasions fail, yet such failures are likely to go unnoticed, as new populations still are small and inconspicuous (Elton 1958; Williamson 1996) . The factors determining this initial success or failure may not be the same as those that influence an invader's subsequent spread (Williamson 1996) .
One factor affecting the success of founder populations may be biotic interactions with the preexisting flora and fauna (Levine et al. 2004; Mitchell et al. 2006) . For instance, the "Enemy Release Hypothesis" (ERH) suggests one reason that exotic plants succeed is that they leave behind herbivores and pathogens in their native range (Keane and Crawley 2002; Mitchell and Power 2003; Torchin et al. 2003) . However, this often may be a transient effect: exotic plants can rapidly acquire enemies in their new range, leading to significant levels of damage (Hawkes 2007 , Brandl et al. 2008 . The rate at which a newly founded population acquires such enemies may depend on the composition of the surrounding plant community (e.g., MacKay and Kotanen 2008) . Since herbivores (Odegaard et al. 2005; Brandle and Brandl 2006; Weiblen et al. 2006) and pathogens (Brandle and Brandl 2006; Gilbert and Webb 2007) are often shared among close relatives, it might be expected that an invader would be more likely to rapidly accumulate enemies in a community containing closely related native species. Evidence to support this pattern is mixed: for instance, Cappuccino and Carpenter (2005) and Kotanen (2010, 2011) found no relationship between taxonomic isolation and herbivore damage to plants in eastern North America, whereas Dawson et al. (2009) and another of our studies (Hill and Kotanen 2009) both found evidence that phylogenetically isolated exotics experience lower rates of herbivory.
Other biotic interactions amongst relatives also may influence the initial establishment of invaders (Mack 1996; Webb et al. 2002 , Mitchell et al. 2006 . For instance, not all biotic interactions are necessarily negative: mutualistic associations such as mycorrhizae may be critical for invasion success (Richardson et al. 2000) . Recent evidence suggests even arbuscular mycorrhizal fungi often may have host-specific effects (Klironomos 2002 (Klironomos , 2003 ; if so, then availability of a suitable mycorrhizal fungus might be more likely when an invader has close relatives in the local native flora (Richardson et al. 2000) . Therefore, net effects of soil biota may include both negative effects of soil pathogens and positive effects of compatible mycorrhizae (MacKay and Kotanen 2008) .
Here, we investigated whether experimentally established founding populations of a potential invader, Solidago virgaurea L., would experience stronger biotic interactions in communities with native Solidago spp. vs. communities dominated by phylogenetically and phenotypically distinct grasses. Specifically, we tested two hypotheses: 1) S. virgaurea should experience greater foliar herbivore damage when grown in the presence of native Solidago spp. than when grown with unrelated plants.
2) Effects of soil biota on S. virgaurea should be stronger when native Solidago spp. are present in the surrounding community.
We experimentally evaluated Hypothesis 1 by comparing foliar damage and survival for S. virgaurea planted in communities dominated by native Solidago spp. vs. grass. We also included a competitor removal treatment in this experiment, to see if any effects of herbivory were likely to be dependent on the presence of competitors. In this experiment, we examined the net effect of the entire folivore community; net damage, rather than damage by any specific herbivore, is likely to determine plant performance (Keane and Crawley 2002 ). Hypothesis 2 was tested in a greenhouse experiment in which we compared growth of plants in sterilized soil vs. soil inoculated with biota (including both pathogens and mutualists) from Solidago and grassdominated sites. In this experiment, we would expect a net positive effect of soil sterilization if pathogens are relatively more important than mycorrhizae; a net negative effect of sterilization would indicate if mycorrhizae dominate plant performance.
Materials and Methods

Study area
This study was conducted at the University of Toronto's Koffler Scientific Reserve at Jokers Hill (KSR), Regional Municipality of York, in southern Ontario, Canada (44º02' N, 79º31' W, 300m ASL). This 350-ha site lies within the Oak Ridges Moraine, and is dominated by prominent hills with a thin organic layer over deep glacial sands. Vegetation is a mixture of old-fields supporting a diverse range of native and exotic plants, hardwood (maple-beech-hemlock) forest, and conifer plantations. Further information may be found at http://www.ksr.utoronto.ca.
Study species
Solidago (goldenrod) is a primarily North American genus of Asteraceae. The only exception is Solidago virgaurea L., which is a perennial native to Europe and Asia (Jobin et al. 1996) . In its native range S. virgaurea grows in many habitats including rocky outcrops, disturbed areas, and old-fields (Davis et al. 2000) . The species is not yet naturalized in North America, but can readily be found at horticultural stores; for our experiments, S. virgaurea seeds were purchased from a local seed supply store in southern Ontario.
North American Solidago species such as S. gigantea Ait. and S. altissima L. are successful invaders throughout much of Europe (Jakobs et al. 2004) , where they can co-occur regionally with the native S. virgaurea (Jobin et al. 1996) . Therefore, we anticipated that S. virgaurea would have the ecological amplitude to grow with North American Solidago species at this study site. The two representative native species that we considered were Solidago cf. canadensis L.
(including Solidago canadensis and Solidago altissima, hereafter S. canadensis) and Solidago nemoralis Ait.
Field experiment (Hypothesis 1)
In the spring of 2006, we established 15 study locations representing three community types: five in meadows dominated by grasses (primarily Bromus inermis and Poa pratensis), five in meadows dominated by Solidago canadensis, and five in meadows containing a mixture of Solidago canadensis and Solidago nemoralis. Meadows were an average ± SE of 221m ± 30m apart (based on nearest neighbour distances), and in most cases separated by natural or anthropogenic features such as forest communities, hedgerows, or roads. Communities with only S. canadensis had the highest mean density of native Solidago (33.92 stems m -2 ), whereas grassdominated communities had the lowest (1.04 stems m -2 ), and mixed Solidago communities were intermediate (8.17 stems m -2 ). In general, edaphic conditions were similar across these community types; however, grass and S. canadensis usually dominated on more mesic sites, whereas S. nemoralis tended to co-occur with these species on drier soils.
At each study location, we planted 20 lab-germinated S. virgaurea seedlings into the respective meadows, where the competing vegetation was randomly chosen either to be left intact or to be removed (n = 10 in each case). Experimental plants were spaced at least two metres apart. had survived, and if so, the amount of leaf damage it had experienced. At each sampling, damage to surviving plants was measured in two ways: the proportion of leaves with damage, and for damaged leaves, the proportion of area affected to the nearest 5%. These measures were then multiplied to produce an estimate of the total fraction of leaf area damaged per plant:
proportion of leaf area damaged per plant = fraction of leaves damaged per plant × mean proportion of area damaged per affected leaf
The estimate ranges between 0 and 1, where 0 indicates that leaves had no damage, and 1
indicates that all leaf area had been consumed. For the statistical analyses (see below) we calculated the mean of this value over the four sampling episodes as an index of overall herbivore pressure. This index provides an integrated measure of damage from all sources experienced by a plant throughout this experiment, and thus the overall impact of herbivores. A variety of herbivores likely contributed to the damage we observed. Leaves clipped at the base of the petiole were believed often to have been browsed by vertebrates; this type of damage typically was combined with fecal pellets from voles, mice, or rabbits. Leaves that had been clipped but remained below the plant may have been removed by slugs or snails. Missing leaf tissue either at or within the leaf margin was believed to have been removed primarily by insects.
Greenhouse experiment (Hypothesis 2)
In January 2008, soil was collected from each of the 15 sites used in our field experiment and brought back to the University of Toronto at Mississauga, where it was kept in refrigerators at 
Statistical analyses
For the field experiment, we used split-plot factorial analysis of variance (Kirk 1995) to compare damage and survival among community and vegetation removal treatments; the model included terms for community type (n = 3), meadow nested in community type (n = 5), vegetation removal (n = 2), and the community type × vegetation removal interaction. Community type, vegetation removal, and their interaction were fixed effects; meadow nested within community was a random effect. We analyzed mean damage for each meadow × treatment combination rather than results for each individual plant to avoid pseudoreplication and maintain a balanced experimental design; results are very similar when the data were not pooled in this manner. For statistical analyses, proportional damage and survival measurements were Z-transformed to linearize the data and better meet statistical assumptions (Crawley 2007) .
For the greenhouse experiment, we again used a split-plot factorial analysis of variance to compare the effects of soil biota from different community types on the biomass of plant shoots and roots; community type, sterilization treatment, and their interaction were considered fixed effects, and meadow nested in community type was considered a random factor. Again, we used the means of meadow × treatment replicates (n = 30) in our analysis to create a balanced design and to provide more precise estimates of biomass; results are very similar when the data were not pooled in this manner. We also used the same model to evaluate whether Z-transformed survival of S. virgaurea seedlings was influenced by treatment type.
All statistical analyses were done using traditional mixed effect analysis of variance in JMP v. 
Results
Field experiment (Hypothesis 1)
On average, S. virgaurea experienced similar levels of foliar damage in all community types (Table 1 ; Fig. 1 ). Browsing, presumably by vertebrates, was the most frequent form of leaf damage (16.82 ± 3.76% of leaf area per plant); invertebrates (snails and insects) were suspected of damaging 14.33 ± 0.95% of leaf area. Damage was significantly reduced when vegetation was removed (Table 1 ; Fig. 1 ), but this effect was not consistent across communities, as indicated by a significant interaction term; instead, damage was greatest in intact grass communities but also declined the most when these communities were disturbed by the removal of adjacent vegetation. (Fig. 2) , though only in grassy sites was this increase significant (p < 0.05: Tukey HSD).
Greenhouse experiment (Hypothesis 2)
Of the 150 plants grown for this experiment, 62 survived the 8-week growth period. Community Effects of treatments on plant biomass were only realized through analyzing shoot and root data separately. Shoot biomass tended to be lower for plants inoculated with soil from grass communities, followed by Solidago canadensis communities and mixed Solidago communities (Fig. 3a) , though this trend was marginally nonsignificant (p = 0.061: Table 2 ). Plants grown in sterilized soil also tended to be smaller than those in non-sterilized soil, though this result again was marginal (p = 0.089). The interaction between community type and soil sterilization was non-significant (Table 2) , even though growth tended to be improved more by soil biota from Solidago communities than from grass communities (Fig. 3a) . When the difference in shoot growth between non-sterile vs. sterile soil for pooled Solidago communities was compared to that for grassy sites using a t-test, these community types still did not differ significantly (t 13 = 1.317, p = 0.211).
Inoculation tended to have similar, but more pronounced, effects on root biomass (Table 2) . Root mass was greater for plants inoculated with soils from Solidago communities than for plants inoculated with soil from grassy sites (Fig. 3b) , though this result was marginally nonsignificant (p = 0.056). As well, plants grown in non-sterilized soils produced significantly (Table 2 ) more root biomass than plants in sterile soils (Fig. 3b) . There was no significant interaction between community and soil sterilization (Table 2) , though again there was a trend for a larger positive effect of soil biota from Solidago soils. When the difference in shoot growth between non-sterile vs. sterile soil for pooled Solidago communities was compared to that for grassy sites using a ttest, there was a marginally nonsignificant trend (t 13 = 1.845, p = 0.088): increases in root growth tended to be higher in soils derived from Solidago communities.
Discussion
As in much of eastern North America, the dominant species in our old fields were either Asteraceae (primarily Solidago spp.; also Aster spp.) or grasses. By choosing to compare performance of Solidago virgaurea in these two backgrounds, we are considering the habitats it is most likely to encounter: one dominated by congenerics, one by unrelated species. This approach does not provide a general test of whether the presence of congenerics is more important than presence of other phenotypically similar species, but does allow us to compare the results when S. virgaurea finds itself in the presence of common relatives vs. non-relatives.
In part, the success of a newly-arrived invader likely depends on both direct and indirect biotic interactions with native species in its new range (Mack 1996; Rejmánek 1996; Mitchell et al. 2006 ). For S. virgaurea, we found that plants where adjacent vegetation was left intact experienced more foliar damage and lower survival than plants where the immediately surrounding vegetation had been removed; however, there were no indications that plants suffered more damage when native Solidago spp. were present in higher abundance in the adjacent meadow community. Soil biota had a positive net effect on growth of roots and (marginally) of shoots; there were weak indications this benefit may be stronger for biota sampled from near native congeners. Given the spatial proximity of our sites and the general abundance of Solidago spp. throughout this area, it is unlikely that any site was truly isolated from sources of Solidago-specific herbivores and pathogens; thus, our results reflect the importance of the local plant community, rather than the presence or absence of native Solidago in the regional flora.
Hypothesis 1: effects of relatives on foliar damage
The folivory that we observed reflects the net effect of the entire herbivore community, including generalists, specialists, vertebrates, and invertebrates; we argue that this net damage, rather than damage by any specific folivore, is likely to be the most important predictor of plant success.
This said, while invertebrates likely were responsible for a significant fraction of folivory, the most common single source of leaf damage was suspected to be mammalian browsing. Meadow voles (Microtus pennsylvanicus) are common at KSR, and likely were the principal vertebrate herbivores; previous studies have shown that these generalists can have large impacts on the composition of vegetation in grassland and forest edge habitats, especially during peak abundance years (Manson et al. 2001; Kauffman and Maron 2006) . Reduced damage to plants in with our study, the specific role of competition often is less clear (Levine et al. 2004 ).
There was little evidence that plants close to native Solidago spp. were at greater risk of herbivore damage. This is consistent with the effects expected of generalist herbivores such as meadow voles, which should be relatively insensitive to the presence of closely related plants.
Instead, plants in intact grassy sites tended to suffer the most herbivory, likely because of the dense cover in those locations. Similarly, many (but not all) of the insects and snails attacking our plants probably were generalists unlikely to be influenced by the presence of congeneric hosts. This likely is the situation for many newly-arrived invaders; such species may lose their specialist enemies, but still have to contend with a diverse array of generalists in invaded sites (Liu &and Stiling 1996) . It does not matter if damage by specialists is reduced, if damage by generalists more than compensates (Parker and Hay 2005) .
Nonetheless, we did find some exceptions. Of the invertebrate herbivores observed on S.
virgaurea, Microrhopala vittata (Fabricius) (Chrysomelidae) and Trirhabda canadensis Kirby (Chrysomelidae) are known to specialize on native Solidago spp. (Maddox and Root 1987; Carson and Root 1999; Stireman et al. 2005) , and were found on experimental plants in all three community types. Experimental work has shown that both of these beetles can reduce the abundance of their hosts, particularly in outbreak years (Carson and Root 1999) , but a major outbreak of these herbivores did not occur during our field experiment; a different result might have occurred had this been the case. It might be expected that such specialists should be more abundant close to their host plants (Janzen 1970; Connell 1971) ; however, the fact that we did not detect evidence of increased herbivory in congeneric-dominated communities suggests that this effect, if it occurred, was obscured by damage from rodents and generalist invertebrates.
Janzen-Connell type effects also would only be detected if the specialists of the native species found the invading relative a suitable host; an assumption that was supported anecdotally in our study through observations of these two herbivores on experimental plants in the field, but not tested with rigorous trials.
Hypothesis 2:effects of soil biota
The higher growth of inoculated plants suggests an influence of mutualists, and indicates that the net effect of the soil community (pathogens + mutualists) on growing plants was generally positive. This positive effect tended to be stronger for roots inoculated with soil from the 
Implications for invasions
Some studies have provided evidence that biotic resistance may be greater for species with close relatives in the regional flora (Strauss et al. 2006; Diez et al. 2008; Dawson et al. 2009; Hill and Kotanen 2009 ). Here, we have addressed a related question at a much smaller spatial scale, with different results. For a single novel invader, S. virgaurea, we have provided evidence suggesting that communities with abundant native congeners do not represent a greater barrier than communities dominated by phylogenetically distant species (i.e. grasses). In part, this seems to be a result of the behaviour of generalist herbivores; other recent work has suggested that invaders can be regulated more strongly by generalist than specialist enemies (Parker and Hay 2005) . As well, the need for appropriate mutualists (Richardson 2000) may even result in a slight benefit to S. virgaurea in congeneric-dominated communities. Since grasses and native Solidago spp. differ greatly in many ways, including morphology, chemistry, etc., the lack of a negative response of S. virgaurea to native congeners in the surrounding community seems likely to be a conservative result: congeners did not have a strikingly different effect than non-congeners, even when these species were separated by large phenotypic differences. For ethical reasons, we could not follow S. virgaurea through the stages of naturalization and spread; however, these results suggest that at the critical initial stages of a new invasion, this species would not be inhibited by the presence of relatives. 
